1. Introduction {#sec1-jcm-08-01368}
===============

The constituents of dental amalgams are mercury (Hg^++^: 50% by weight of the alloy powder), silver (Ag: 41% by weight), and tin (Sn), with copper (Cu^++^) and zinc (Zn^++^) as minority oligoelements (5--8%) \[[@B1-jcm-08-01368],[@B2-jcm-08-01368],[@B3-jcm-08-01368]\]. These heavy metal/oligoelements are detected by Inductive Coupled Spectrometry (ICP-MS) in biological samples (urine, plasma or hair) \[[@B4-jcm-08-01368]\] and amino acids can be detected by HPLC (High Chromatography Liquid) \[[@B5-jcm-08-01368]\]. Several clinical studies have questioned the safety of dental biomaterials \[[@B6-jcm-08-01368],[@B7-jcm-08-01368]\]. Prosthetic dental materials contain metals (Co, Cr, Au, Ag, Ti), resins, and ceramics, which, in combination, could provoke metal ion release through galvanism between metals \[[@B8-jcm-08-01368]\]; this process may occur when implant alloys are close to dental amalgam fillings \[[@B9-jcm-08-01368],[@B10-jcm-08-01368]\].

The biocompatible properties have made titanium alloys (Ti-6Al-4V) clinically important in oral surgery and in the orthopedics field \[[@B11-jcm-08-01368]\]. Despite being considered biocompatible, some adverse reactions have been documented \[[@B12-jcm-08-01368]\], including inflammation in vitro and allergy \[[@B13-jcm-08-01368],[@B14-jcm-08-01368]\]. The safety of dioxide titanium nanoparticles (TiO~2~) has been questioned in several studies \[[@B14-jcm-08-01368],[@B15-jcm-08-01368],[@B16-jcm-08-01368]\]. In fact, TiO~2~ toxicity was reported in human astrocytes in vitro \[[@B17-jcm-08-01368]\].

The application of the cautionary principle for dental treatments is necessary and the use of safer protocols such as employing a nasal filter during dental amalgam removal could minimize heavy metal exposure in patients with dental biomaterials \[[@B2-jcm-08-01368],[@B7-jcm-08-01368],[@B11-jcm-08-01368]\]. Understanding the possible mechanisms by which heavy metal release could induce inflammation could improve clinical treatment in medical toxicology and in the odontology field.

L-Tryptophan (L-Trp) is an aromatic amino acid that needs to be acquired through the diet and its deficiency can affect mood in patients \[[@B18-jcm-08-01368],[@B19-jcm-08-01368]\]. Pineal cells take tryptophan up from the blood, and turn it into serotonin, which is converted into melatonin. Melatonin can induce beneficial effects on dental pathologies \[[@B20-jcm-08-01368]\]. The proinflammatory interleukin (IL)-1 Beta cytokine has been implicated in implant failure \[[@B21-jcm-08-01368]\].

A serotonin precursor, L-Trp, can also form melatonin as well as niacin (B3 vitamin). L-Trp deficiency reduces brain serotonin levels and lower Histidine (His) could decrease dopamine levels \[[@B22-jcm-08-01368],[@B23-jcm-08-01368]\]. The activity of indoleamine 2,3-dioxygenase (IDO), a tryptophan-degrading enzyme, catabolizes L-Trp degradation to the L-Trp--kynurenine pathway and also forms other immunosuppressive metabolites \[[@B24-jcm-08-01368]\]. The L-Trp conversion to kinurenine (Kyn), also known as the L-kyn/L-trp ratio, is an indirect index of indoleamine 2,3-dioxygenase enzymatic activity (IDO); IDO levels rise in inflammatory conditions and under stress \[[@B25-jcm-08-01368],[@B26-jcm-08-01368]\].

Chemokines (chemotactic cytokines) play a major role in selectively recruiting monocytes, neutrophils and lymphocytes, as well as in inducing chemotaxis through the activation of G-protein-coupled chemokine receptors. The elevated expression of chemokines and their receptors can contribute to chronic inflammation. Monocyte chemoattractant protein-1 (MCP-1 = CCL2) is one of the key chemokines that regulate the migration and infiltration of monocytes/macrophages to inflammatory sites \[[@B27-jcm-08-01368]\]. In addition, the soluble CX3CL1 (also called soluble fractalkine) chemokine ligand recognizes its delta CX3CR1 chemokine receptor; these delta chemokines are expressed by endothelial cells, monocytes, and lymphocytes among others. The CX3CL1 ligand is released by immune and non-immune cells in response to stress signals \[[@B28-jcm-08-01368],[@B29-jcm-08-01368]\]. An analysis of these proinflammatory cytokines and chemokines could help evaluate inflammation levels in patients with long-term dental amalgam implants (Ti-6Al-4V) and amalgams.

Aim {#sec1dot1-jcm-08-01368}
---

The present investigation examines the influence of long-term dental titanium implants on the L-Kyn/L-Trp ratio as well as whether changes in systemic inflammatory mediators (cytokines and CX3CL1 and MCP-1 chemokines) occur in patients with long-term dental titanium implants and/or dental amalgam fillings as compared with controls without dental biomaterials.

### Secondary Aim

We have studied whether systemic amino acid levels (Trp, Treo, Phe, His) might be altered in patients with long-term titanium dental implants and amalgams (A + I) as compared to those with long-term dental amalgam fillings alone (at least for 10 years, average: 15) or controls without dental biomaterials

We consider whether higher systemic CX3CL1 (also termed soluble fractalkine), MCP-1 (CCL-2) and IL-1 Beta proinflammatory cytokine levels could predict or reflect systemic inflammatory response in patients with long-term dental titanium implants and amalgams (A + I) as compared to those with long-term dental amalgams alone (A) and controls without dental biomaterials.

2. Materials and Methods {#sec2-jcm-08-01368}
========================

2.1. Patients (Inclusion Criteria) {#sec2dot1-jcm-08-01368}
----------------------------------

This study followed the tenets of the Declaration of Helsinki and was approved by the CIROM: (Centro de Implantología y Rehabilitación Oral Multidisciplinaria) ethical committee (\#03-2016). All subjects were properly informed and signed the appropriate informed consent forms. All efforts have been made to protect patient privacy and anonymity. The CIROM Center has been approved and certified by AENOR: the Spanish Association for Standardization and Certification, Spain (CIROM Certificate for total dentist services; CD-2014-001 number; ER-0569/2014 following UNE-EN ISO 9001: 2015 update and UNE 179001-2011 Directive, Spain). All selected patients are aged between 44 and 72 years old (average: 55.5 years). The percentage of smokers is 9%, and their sociocultural status is medium-high (65% have at least a university degree). CIROM dentists revised 350 clinical histories before including potentially eligible patients. Finally, the present study enrolled 142 patients and the total number of excluded patients was 208. A total number of 46 patients did not meet the inclusion criteria because their dental titanium implants and amalgams are less than 10 years old. Finally, the implantologist (CIROM Clinic) selected a number of 142 patients, including control subjects (without dental materials); we determined the systemic L-kyn/L-trp amino acids levels as well as Phenyalanine (Phe), Tyrosine (Tyr), Treonine (Treo) and L-Tryptophan (Trp) levels by HPLC (mM/L: Indatxo, Basque Country, Spain) \[[@B5-jcm-08-01368]\]. Last, levels of proinflammatory cytokines (IL-1 Beta, IL-4) and chemokines (soluble fractalkine (CX3CL1), MCP-1 = CCL-2) were quantified in trunk blood using ELISA (Leti duo set kits, Barcelona, Spain, *n* = 142).

The experimental design included three study groups: (a) patients who have had long-term dental titanium implants (Ti-6Al-4V) and amalgams [for at least ten years]{.ul} (average: 15 years, Amalgam + Implant group, A + I, *n* = 57); (b) patients who have had long-term dental amalgams alone (Amalgam group, A, *n* = 55) for at least teen years (average: 15 years, A, *n* = 55); (c) healthy controls without dental biomaterials (Cont, *n* = 30). These control subjects had no metabolic or behavioral problems and had an average age of 44 years old; the average age for patients with long-term titanium and amalgams is 57 years old (A + I group) and patients with long-term dental amalgams alone have an average age of 46 years old (A group). We have selected patients who have had dental titanium implants and amalgams (A + I) for at least 10 years (average: 15 years), averaging four titanium implants (minimum: 1, maximum: 8) and four amalgams (minimum: 2, maximum: 6). Patients with long-term dental amalgam fillings alone also had an average of 4 fillings (minimum: 2, maximum: 6). The amalgam fillings were replaced by composites (bisphenol A free) following a safe protocol using nasal filters (^@^InspiraHealth, Spain) \[[@B30-jcm-08-01368]\]. There are four quadrants in the mouth, and the amalgam fillings were progressively replaced by quadrant. The was no patient group with long-term titanium dental alloys alone because all the patients with implants had previously dental amalgam fillings.

The patients' economic and sociocultural status is medium/high; all live in Murcia (80%, 18% are males) and 20% are from Alicante (Spain, Europe). Patients live in Murcia (80%) and Alicante (20%, Spain, Europe); 18 percent of study patients are women ([Figure 1](#jcm-08-01368-f001){ref-type="fig"}).

2.2. Exclusion Criteria {#sec2dot2-jcm-08-01368}
-----------------------

Patients with a metabolic disease, diabetes, renal failure, gastrointestinal disease, a history of liver or kidney disease, lupus/autoimmune disease, or neurological/psychiatric disease (4th Edition, DSM IV), as well as any orthodontic device or periodontal disease were excluded from the study. Patients with hyperlipidemia were also not considered. A total number of 208 patients were excluded; 24 patients refused to participate and 32 were excluded due to their high fish consumption (more than twice a week). We discounted those with metabolic alterations or periodontal disease (*n* = 14) as determined by the periodontal Index of Community (WHO: World Health Organization, 1997, Federation Dentaire Internationale). Patients with orthodontic devices were excluded (*n* = 65) as were patients with zirconia implants (*n* = 11). Patients under 18 years old with dental amalgam fillings were excluded from this study (*n* = 16).

2.3. ELISA for Inflammatory Mediators (IL-1 Beta, IL-4, Macrophage Colony Protein-1: MCP-1 = CCL-2, and Soluble Fractalkin Levels CX3CL1 = sFK) {#sec2dot3-jcm-08-01368}
-----------------------------------------------------------------------------------------------------------------------------------------------

Il-1 Beta levels were measured following ELISA kit guidelines (Leti, Barcelona, Spain) and our own earlier protocol \[[@B31-jcm-08-01368]\]. Samples were diluted (1:2 with BSA-phosphate) and a standard curve was made using different dilutions following the manufacturer's instructions. All samples, including standards, were incubated overnight (o/n) in a humidified chamber; 50 μL of monoclonal IL-1 Beta antibody was added to the plate for 2 h at 37 °C. After 3 washes with washing buffer (phosphate-buffered saline PBS, containing 0.02% plus 0.02% Tween-20 and thrimerosal), 100 μL of polyclonal IL-1 Beta antibody was added to all wells for 1 h at room temperature (R.T). After 5 washes, 100 μL of a diluted horse-radish peroxidase (HRP)-conjugated anti-rabbit Ig G was added to the plate and incubated at room temperature (25 °C) for 30 min. After another wash with washing buffer, 100 μL of 0.002 mol/L ortho-phenylendiamine dihydrochloride (OPD) plus 3% hydrogen peroxide (H~2~O~2~) was added to citrate buffer in all plates for 10 min (R.T) following our laboratory protocol \[[@B31-jcm-08-01368]\]. The colorimetric reaction was stopped by adding 50 μL of 2.5 N of sulfuric acid H~2~SO~4~ to the plate. The optical density (absorbance) was measured at 490 nm in triplicate (Microplate Reader spectrophotometer, Thermo Scientific). The amount of IL-1 Beta levels per sample were quantified by interpolation within the standard curve (STD); IL-4 and MCP-1 chemokines (also called CCL-2) were quantified with ELISA duo sets in plasma and expressed as pg/mL (ELISA duo set kit). These ELISA duo sets used a primary MCP-1 antibody according to the manufacturer's instructions. The soluble fractalkine (CX3CL1) delta chemokine ligand was determined following the R&D ELISA kit (USA) system guidelines.

2.4. L-Kynurenine (L-Kyn) {#sec2dot4-jcm-08-01368}
-------------------------

Plasma L-Kynurenine (L-Kyn) levels were quantified following the manufacturer's instructions (ELISA kit, IDK, Germany, K-7728); the detection range is between 1 and 10 μM L-Kyn without cross-reactivity with L-kynurenine analogs \[L-Trp (0.01%), Hydroxil-DL-Trp (0.01%), Tyrosine, serotonin, Phenylalanine, L-Asn, and kynurenic acid\]. The sensitivity for kynurenine is 100% \[[@B31-jcm-08-01368]\].

2.5. Statistical Analysis {#sec2dot5-jcm-08-01368}
-------------------------

All data were analyzed using SPSS (v17.0), and Sigma Plot (11.0) software. The mean and S.E.M (Standard Media deviation) were evaluated for all estimated parameters; the S.E.M is the standard deviation divided by n root square, n being the sample size. Between-group comparisons were tested by Mann--Whitney in the absence of the homogeneity of variance. The ANOVA and post hoc Bonferroni analysis evaluated possible differences in the case of homogeneity of variance. Dunn's task was applied for comparison in study groups for unequal sample size. A two-sided *p* value of *p* \< 0.05 was considered to be statistically significant when *p* \< 0.05, and highly significant if *p* \< 0.01.

3. Results {#sec3-jcm-08-01368}
==========

3.1. [Figure 2](#jcm-08-01368-f002){ref-type="fig"}: Lower Systemic Trp Levels in Patients with Long-Term Dental Titanium Amalgams as Compared to Participants with Long-Term Dental Amalgams Alone {#sec3dot1-jcm-08-01368}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[Figure 2](#jcm-08-01368-f002){ref-type="fig"} showed lower systemic tryptophan (L-Trp) levels among patients with long-term dental titanium implants and amalgams than in controls (*p* \< 0.05). We observed lower systemic L-Trp levels in the A+I group than in the A group (*p* \< 0.05). However, L-Trp levels did not differ between patients with long-term amalgams alone and healthy controls (*p* \> 0.05; n.s). Other aromatic amino acids like Phe or Treo were not significantly different between patients with long-term titanium dental implants and amalgams than healthy controls, respectively (*p* \> 0.05; n.s).

3.2. Patients Who Had Long-Term Dental Amalgams Have Lower Systemic His Levels Than Control Subjects {#sec3dot2-jcm-08-01368}
----------------------------------------------------------------------------------------------------

Patients with long-term amalgams alone (A group) have lower systemic Histidine levels (His, *p* \< 0.05) than participants with long-term titanium dental implants and amalgams (A + I group). Patients with long-term dental amalgams alone have significantly lower systemic His levels than controls (*p* \< 0.05, see [Figure 2](#jcm-08-01368-f002){ref-type="fig"}). There were no different effects on Treo and Phe levels between the groups (*p* \> 0.05, n.s, in all cases).

3.3. L-Kynurenine {#sec3dot3-jcm-08-01368}
-----------------

Systemic kyneurine levels were higher among patients with long-term dental titanium implants and amalgams than in participants with long-term dental amalgams alone \[F (2, 140) = 5.96, *p* = 0.035, *p* \< 0.05\] and were also higher than in healthy controls (*p* \< 0,05, see [Figure 3](#jcm-08-01368-f003){ref-type="fig"} and [Table 1](#jcm-08-01368-t001){ref-type="table"}).

3.4. Ratio L-Kynurenine/L-Trp: An Index of IDO Activity {#sec3dot4-jcm-08-01368}
-------------------------------------------------------

Patients with long-term titanium dental implants and amalgams have a higher L-kynurenine/L-trp ratio than those with long-term dental amalgams alone \[F (2, 140) = 14.63, *p* \< 0.001\]. However, this ratio is not affected in patients with long-term dental amalgams alone as compared to controls without dental biomaterials (*p* \> 0.05, n.s). The r Spearman analysis indicated a strong correlation between systemic L-Kyn levels and the L-kyn/L-trp ratio (r = 0.78, *p* \< 0.001, [Figure 4](#jcm-08-01368-f004){ref-type="fig"} and [Table 1](#jcm-08-01368-t001){ref-type="table"}).

[Table 1](#jcm-08-01368-t001){ref-type="table"} shows values for cytokines and chemokines plus relative error (standard deviation/n root) between experimental groups. The ANOVA data is shown by the F value and Kruskal--Wallis (KW) is associated with the H value. \* *p* \< 0.05 indicates a significant effect as compared to control. **^\#^** *p* \< 0.05 shows a significant effect as compared to patients with long-term dental amalgams alone (A). **Cont:** control (*n* = 30). **Amalgam** (A, *n* = 55). **Dental titanium implants + Amalgams** (A + I, *n* = 57).

3.5. Proinflammatory Mediators (Cytokines and Chemokines) {#sec3dot5-jcm-08-01368}
---------------------------------------------------------

### 3.5.1. IL-1 Beta Levels {#sec3dot5dot1-jcm-08-01368}

The ANOVA data for systemic IL-1 Beta levels revealed a significant effect \[F (2, 140) = 39.28; *p* \< 0.01\]. The Bonferroni post hoc revealed higher systemic IL-1 Beta levels for patients with long-term titanium dental implants and amalgams than those with long-term dental amalgams alone (*p* \< 0.05). However, systemic levels did not differ between participants with dental amalgams alone and controls (*p* \> 0.05, n.s, [Figure 5](#jcm-08-01368-f005){ref-type="fig"}).

### 3.5.2. MCP-1 (CCL2) {#sec3dot5dot2-jcm-08-01368}

The Kruskal--Wallis analysis revealed a significant effect on systemic MCP-1 levels (also called CCL-2) (H = 22.88, *p* \< 0.001). Systemic MCP-1 is higher in patients who have long-term titanium dental implants and amalgams as compared with participants with long-term dental amalgams alone (*p* \< 0.05). However, MCP-1 (CCL-2) levels did not differ between patients with long-term dental amalgams alone and controls (*p* \> 0.05, n.s, [Figure 5](#jcm-08-01368-f005){ref-type="fig"}).

### 3.5.3. IL-4 Anti-Inflammatory Cytokine {#sec3dot5dot3-jcm-08-01368}

The ANOVA data shows a slight rising tendency for this anti-inflammatory cytokine \[F (2, 140) = 2.63; *p* = 0.082; n.s)\]; the post hoc Bonferroni analysis reveals that IL-4 is greater in patients with long-term dental titanium implants and amalgams than in those with long-term dental amalgams alone (*p* \< 0.05, [Figure 6](#jcm-08-01368-f006){ref-type="fig"}).

### 3.5.4. Soluble Fractalkine (CX3CL1) {#sec3dot5dot4-jcm-08-01368}

Soluble fractalkine (CX3CL1) levels were significantly higher in patients with long-term dental titanium implants and amalgams as compared to participants with long-term dental amalgams alone (*p* \< 0.05). The ANOVA data revealed a systemic rise for this delta chemokine ligand \[F (2, 140) = 5, *p* = 0.01\]. The Bonferroni post hoc analysis indicated significantly higher soluble CX3CL1 levels in the A + I than in the A or Control groups (*p* \< 0.05, [Figure 6](#jcm-08-01368-f006){ref-type="fig"}).

### 3.5.5. Ratio IL-1 Beta/IL-4 {#sec3dot5dot5-jcm-08-01368}

We found a slight tendency to higher levels in this ratio (H = 4.78, *p* = 0.091, n.s). The Mann--Whitney test revealed higher ratios in those with long-term dental amalgams and titanium implants than in participants with long-term dental amalgams alone (*p* \< 0.05, [Figure 7](#jcm-08-01368-f007){ref-type="fig"}).

4. Discussion {#sec4-jcm-08-01368}
=============

The relatively high L-kyn/L-trp ratio observed here could signify a greater catabolism of L-Tryptophan (L-Trp) into L-kyn (kynurenine). The low L-tryptophan levels as well as elevations in CX3CL1 levels detected in A + I patients (with long-term dental titanium implants and amalgams) could predispose them to a silent chronic inflammation. Since the L-kyn/L-trp ratio is an indirect index of IDO activity \[[@B25-jcm-08-01368]\], we suspect that lower systemic L-Trp levels may precede its catabolic conversion to kynurenine in patients with the long-term titanium dental implants. The rise in kynurenine found here (the first metabolite in the Trp catabolism) cannot be explained by intestinal malabsorption problems or oral carcinoma \[[@B32-jcm-08-01368]\] since all the patients are healthy. Although IDO enzymatic activity was not evaluated, this elevated L-kyn/L-trp ratio in conjunction with elevations in IL-1 beta levels could indirectly reflect IDO activation \[[@B24-jcm-08-01368],[@B25-jcm-08-01368]\] in the A + I group but not in the patients who only had long-term amalgam fillings. Although our patients are asymptomatic, their higher Il-1 Beta proinflammatory levels, as well as overactivation of the kynurenine pathway, could be important from a clinical viewpoint. A new role for L-trp metabolites has been proposed in bone metabolism. Apalset et al. demonstrated an association between kynurenine pathway metabolites and bone metabolism in patients since bone mineral density was associated with high serum concentrations of two interferon γ-induced kynurenines (xanthurenic acid, and 3-hydroxyanthranilic acid) \[[@B33-jcm-08-01368]\].

Patients in the A + I group are older than those with long-term amalgams alone (A group). Chronic low-grade inflammation in the elderly is associated with an altered tryptophan and tyrosine (Tyr) metabolism \[[@B34-jcm-08-01368]\] as also reflected in this study. However, these differences are not attributable to age differences between the study group with regard to systemic L-trp or Tyr levels.

The conversion of L-Trp (precursor) to melatonin not only promotes antioxidant and anti-inflammatory effects; this hormone also induces bone formation and resorption through several mechanisms \[[@B35-jcm-08-01368],[@B36-jcm-08-01368],[@B37-jcm-08-01368],[@B38-jcm-08-01368]\]. Although melatonin levels were not evaluated in the present study, we would expect decreased melatonin concentrations to be concomitant to L-Trp reductions in patients with long-term dental titanium implants and amalgams. These resulting lower L-Trp levels could contribute to oxidative stress, leading to a chronic silent inflammatory state in the A + I group. Melatonin also decreases free radical production by regulating SuperOxide Dismutase (SOD-1) enzyme \[[@B38-jcm-08-01368]\]. Applied topically, melatonin accelerates bone healing around dental implants in dogs \[[@B37-jcm-08-01368],[@B39-jcm-08-01368],[@B40-jcm-08-01368]\]. A conversion of L-Trp into kyn could be essential in osteoblastogenesis and bone formation. In fact, the kynurenine pathway is an essential regulator of osteoblastogenesis and could make a potential new target for bone-forming cells in vivo \[[@B39-jcm-08-01368]\]. Vidal et al. reported that mice without IDO activity are osteopenic; this feature suggests that elevations in kynurenine levels might indirectly reflect osteogenesis in A + I patients. Since melatonin attenuates titanium particle-induced osteolysis \[[@B36-jcm-08-01368]\] and also stimulates dental implant osseointegration \[[@B37-jcm-08-01368],[@B40-jcm-08-01368]\], this indirect evidence supports a role for kynurenine in osseointegration in patients with long-term dental titanium implants and amalgams.

Several studies reported toxicity of TiO~2~ nanoparticle in vitro as well as in rodent models \[[@B8-jcm-08-01368],[@B41-jcm-08-01368]\]. The systemic IL-1 beta elevations observed in the A + I group concur with increased levels of this cytokine in endothelial cells exposed to TiO~2~ nanoparticles \[[@B17-jcm-08-01368]\]. What is more, Il-1 Beta elevations have preceded implant failure in prospective studies \[[@B23-jcm-08-01368]\]. However, there have been no implant failures or systemic titanium elevations in our cohort (data not shown), concurring with a study reporting that arthroplasty patients had no systemic Ti elevations \[[@B42-jcm-08-01368]\].

The cobalt/chromium alloy found in the implant crowns is more resistant to corrosion that other biomaterials; it exhibits high elasticity and minimizes allergic reactions with surrounding tissues \[[@B43-jcm-08-01368]\]. However, we observed oxidative stress and elevated systemic lipoperoxides in patients with long-term dental titanium implants as well as higher Co in the A + I group than in the A group \[[@B44-jcm-08-01368]\]. Since Co induces inflammatory responses in macrophages in vitro \[[@B44-jcm-08-01368],[@B45-jcm-08-01368],[@B46-jcm-08-01368]\], the possibility that Co ion release may promote inflammation should not be ignored in the A + I group. In fact, Co^2+^ increases the secretion of interleukin-8 (IL-8), CXCL10 and MCP-1 = CCL-2 chemotactic chemokines in MonoMac 6 macrophages \[[@B44-jcm-08-01368]\]. In addition, conditioned media from Co-stimulated cells showed increased chemotaxis in response to neutrophils in vitro \[[@B44-jcm-08-01368],[@B45-jcm-08-01368],[@B46-jcm-08-01368]\], a classical function of chemokines \[[@B27-jcm-08-01368]\]. However, a direct relationship between elevated Co levels and chemokines cannot be determined in our patients (A + I group). Nevertheless, our indirect findings suggest enhanced chemotaxis in patients with long-term dental amalgams as a consequence of a silent chronic inflammatory state. The inflammation could increase the catabolic degradation of L-Trp into kyn in patients with long-term dental titanium implants and amalgams (A + I group). The activation of the kynurenine pathway plays an important role in osteoblastogenesis in vitro, and this process can be accelerated by the exogenous addition of proinflammatory mediators like IFN γ \[[@B39-jcm-08-01368]\].

Their higher kynurenine levels may raise soluble fractalkine (CX3CL1) and MCP-1 chemokine levels in the A + I group; this possibility suggests enhanced chemotactic activity in these patients (A + I group). In fact, excitotoxic conditions could raise CX3CL1 (or soluble fractalkine) levels \[[@B41-jcm-08-01368]\] and the catabolic subproducts of L-Trp are also excitotoxic mediators \[[@B47-jcm-08-01368]\]. In agreement with the elevated systemic CX3CL1 levels found in our study, Lechner et al. 2018 reported increased RANTES chemokine levels (regulated on activation by normal T cell expression also known as Chemokine C--C motif ligand 5, CCL5) in patients with titanium implants \[[@B48-jcm-08-01368]\].

Taylor and Feng have demonstrated the association between proinflammatory interferon γ, indoleamine 2,3-dioxygenase and the tryptophan catabolism \[[@B25-jcm-08-01368]\]. The CX3CL1 chemokine ligand promotes pleiotropic effects by activating CX3CR1 in blood and other cell types \[[@B28-jcm-08-01368]\]. Consistent with the IDO-induced Trp metabolism suggested in our study, the ratio of 3-hydroxykynurenine (3-HK) to Trp was increased in the brain 2 h after LPS: lipopolysaccharide treatment (a systemic inductor of inflammation) in transgenic mice lacking the CX3CR1 chemokine receptor (CX3CR1-/-). Increased serotonin (5-HT) turnover was also evident in the mice brain. The LPS (a systemic inductor of inflammation) associated increases in both the 3-HK:Trp and 5-HIAA:5-HT ratios were prevented by the inhibition of IDO in these mice \[[@B29-jcm-08-01368],[@B49-jcm-08-01368]\]. Moreover, IL-1β and CD14 elevated expression was still detected in the microglia of CX3CR1-/- knock out (the chemokine receptor for CX3CL1 ligand) mice 24 h after an LPS i.p (intraperitoneal injection) injection \[[@B29-jcm-08-01368]\]. These indirect findings also suggest that kynurenine and CX3CL1 release could contribute to a silent chronic inflammation in patients with long-term dental implants and amalgams. On the basis of this evidence, we really should consider the possibility that both CX3CL1 and MCP-1 chemokines promote chemotactic responses in patients with long-term dental titanium implants and amalgams.

Vallés et al. demonstrated that primary macrophages released greater amounts of Tumor Necrosis factor (TNF-alpha), IL-6 and IL-1beta proinflammatory mediators after incubation with titanium particles \[[@B50-jcm-08-01368]\]. While proinflammatory cytokines like TNF-α and IL-6 are distributed early on during the acute stage of inflammation, other chemokines like RANTES or CX3CL1 may be activated at a later time; these latter chemokines play a crucial role in the transition of acute inflammation into a more chronic inflammatory phenomenon \[[@B47-jcm-08-01368]\]. Proinflammatory signaling induced by RANTES or CX3CL1 chemokine ligands in particular systemically affect the organism \[[@B51-jcm-08-01368]\] and may result in a chronic inflammatory state. Thus, soluble fractalkine (CX3CL1) signaling may contribute to the development of chronic inflammation similarly to the way in which systemic RANTES induced medullar osteonecrotic changes in the jawbone of patients with titanium implants \[[@B48-jcm-08-01368]\]. An elevation in CX3CL1 levels could provoke a transition from an acute to a chronic inflammatory state in patients with long-term dental implants and amalgams.

In addition, patients with long-term dental titanium and amalgams are more susceptible to oxidative stress \[[@B52-jcm-08-01368]\]; thus, altered levels of certain amino acids like L-Trp could reflect systemic metabolic imbalances \[[@B53-jcm-08-01368],[@B54-jcm-08-01368],[@B55-jcm-08-01368],[@B56-jcm-08-01368]\]. What is more, fractalkine receptor (CX3CR1) deficiency sensitizes mice and increases the turnover of tryptophan, serotonin, and dopamine in the brain 24 h after an i.p LPS injection in knockout CX3CL1-/- transgenic mice, even though these increases were independent of CX3CR1 expression \[[@B29-jcm-08-01368]\]. Collectively, a relationship between L-kyn, CX3CL1 and MCP-1 chemokine levels can be suspected in patients with long-term dental titanium implants and amalgams.

5. Conclusions {#sec5-jcm-08-01368}
==============

The IL-1 Beta elevations observed in patients with long-term dental implants and amalgams, despite having titanium levels comparable to the controls, could reflect a chronic systemic inflammatory response. In fact, patients with long-term titanium implants and dental amalgams (A + I) have higher systemic L-kyn/L-trp ratios concomitant to L-Trp reduction, something that could indirectly reflect osseointegration. Higher L-Kynurenine levels could reflect catabolic L-Trp degradation as a consequence of IL-1 Beta, MCP-1 and CX3CL1 systemic release in the A + I group as compared to those with long-term dental amalgams alone (A). Clinical trials are needed to confirm the predictive role of CX3CL1, L-Kyn/L-trp and IL-1 Beta levels as systemic inflammatory biomarkers associated with bone-osseointegration in patients with long-term titanium dental implants; a higher CX3CL1 and MCP-1 chemokine production would reflect enhanced chemotactic responses in these patients (A + I group).
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![Lower systemic Trp or His levels in patients who have long-term titanium dental implants and amalgams (for at least 10 years: average: 15, A + I) than in participants with long-term dental amalgams alone (A). **Cont:** control (*n* = 30). **Amalgam** (A, *n* = 55). **Dental titanium implants + Amalgam** (A + I, *n* = 57). \* *p* \< 0.05 vs. Control group (Cont), ^\#^ *p* \< 0.05 vs. Amalgam group (A).](jcm-08-01368-g002){#jcm-08-01368-f002}

![Increased systemic Kyn levels in patients with long-term titanium implants and amalgams (A + I). **Cont:** control (*n* = 30). **Amalgam** (A, *n* = 55). **Dental titanium implants + Amalgam** (A + I, *n* = 57). \* *p* \< 0.05 vs. Control group (Cont), ^\#^ *p* \< 0.05 vs. Amalgam group (A).](jcm-08-01368-g003){#jcm-08-01368-f003}

![Patients with long-term titanium implants and amalgams have a higher L-kynurenine (Kyn)-L-trp ratio. **Cont**: control (*n* = 30). **Amalgam** (A, *n* = 55). **Dental titanium implants + Amalgam** (A + I, *n* = 57). \* *p* \< 0.05 vs. Control group (Cont), ^\#^ *p* \< 0.05 vs. Amalgam group (A).](jcm-08-01368-g004){#jcm-08-01368-f004}

![Increased IL-4 and MCP-1 levels in patients with long-term titanium dental implants and amalgams (A+I group) as compared to the A group (*p* \< 0.05). **Cont:** control (*n* = 30). **Amalgam group** (A, *n* = 55). **Dental titanium + Amalgams** (A + I, *n* = 57). \* *p* \< 0.05 vs. Cont, ^\#^ *p* \< 0.05 vs. Amalgams (A).](jcm-08-01368-g005){#jcm-08-01368-f005}

![Patients with long-term titanium dental implants and amalgams have lower IL-4 levels as well as CX3CL1 (also called soluble fractalkine) elevations than in the A group. **Cont:** control (*n* = 30). **Amalgam** (A, *n* = 55). **Dental titanium implants + Amalgam** (A + I, *n* = 57). \* *p* \< 0.05 vs. Cont, ^\#^ *p* \< 0.05 vs. Amalgam (A).](jcm-08-01368-g006){#jcm-08-01368-f006}

![IL-1 Beta/IL-4 ratio in patients with long-term titanium implants and amalgams. **Cont**: control (*n* = 30). **Amalgam** (A, *n* = 55). **Dental titanium implants + Amalgams** (A + I, *n* = 57). \* *p* \< 0.05 vs. Cont, ^\#^ *p* \< 0.05 vs. Amalgam (A).](jcm-08-01368-g007){#jcm-08-01368-f007}
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###### 

Systemic cytokine levels and L-kyn/L-trp ratios.

                         Cont           Amalgam (A)    Amalgam + Implants (A + I)   KW
  ---------------------- -------------- -------------- ---------------------------- ---------------------------------
  IL-1 β (pg/mL)         11.03 ± 0.48   11.03 ± 0.32   12.66 ± 0.52 ^\#^            H = 9.37, *p* = 0.009
  MCP-1 (pg/mL)          9.48 ± 0.7     10.39 ± 0.24   11.76 ± 0.14 \*^,\#^         H = 22.88, *p* \< 0.001
  CX3CL1 (pg/mL)         30.02 ± 2.7    34.3 ± 7.1     98 ± 3.6 \*^,\#^             F (2, 140) = 5, *p* = 0.01
  IL-4 (pg/mL)           40 ± 1.3       42 ± 1.1       37.8 ± 1.7 ^\#^              F (2, 140) = 2.63, *p* = 0.082
  IL 1 Beta/Il-4 ratio   0.28 ± 0.01    0.26 ± 0.011   0.32 ± 0.02 ^\#^             H (4, 140), *p* = 0.091, n.s
  Kyn                    1.47 ± 0.09    1.68 ± 0.1     2.09 ± 0.14 \*^,\#^          F (2, 140) = 5.96, *p* = 0.035
  Kyn/L-Trp ratio        31 ± 2.3       27 ± 2.5       47 ± 3.3 \*^,\#^             F (2, 140) = 14.6, *p* \< 0.001

\* *p* \< 0.05 vs. Cont, \# *p* \< 0.05 vs. Amalgam (A).

[^1]: J.J.M. and M.E.C. equally contribute as first author.
